Introduction
A tungsten coil (W-Coil) device is compact, inexpensive, and the coil may be extracted from a commercially available slide projector bulb. Once extracted, the coil is enclosed in a glass cell that is purged with 10% H2/Ar to prevent the coil from oxidation. In analytical atomic spectrometry, these devices are attractive as atomizers or electrothermal vaporizers (ETV), because the coil is of high melting point, low power requirement, highly reproducible shape and physical properties, and relative chemical inertness. High heating rates and temperatures up to 3000˚C can be achieved by using a simple power supply, such as a car battery. In addition, the purge gas also acts as a coolant for the device, so no water circulating system is required. The use of W-Coils in analytical atomic spectrometry dates back to the early 1970s, when they were used as atomizers for electrothermal atomization atomic absorption spectrometry (ETAAS) by Piepmeier et al. 1, 2 and for electrothermal atomization atomic fluorescence spectrometry (ETAFS) by Winefordner et al. 3 Since then, W-Coils have been used in virtually all areas of atomic spectrometry: as atomizers for ETAAS and ETAFS, as ETV devices for inductively coupled plasmas (ICPs) or microwave induced plasmas (MIPs) atomic emission spectrometry (AES) [4] [5] [6] and mass spectrometry (MS). 7 Early on, however, W-Coils did not find widespread acceptance, perhaps due to the tremendous technical and commercial success of graphite furnace ETAAS instrumentation. More recently the devices have found renewed interest because they might meet the current demand for lowcost, compact, and portable instrumentation for field environmental and clinical analysis.
W-Coils have been most often used as atomizers in ETAAS. Generally, the analytical figures of merit, i.e., sensitivity, precision, limits of detection (LOD), and linear dynamic range (LDR) of W-Coil AAS are comparable to those of traditional graphite furnace ETAAS. [8] [9] [10] For over 20 elements that have been determined by W-Coil AAS, the LODs are even better than or within a factor of ten of those by traditional graphite furnace ETAAS, while the LDRs remain unaffected. 10, 11 Usually, an electrodeless discharge lamp (EDL) or a hollow cathode lamp (HCL) is used as a light source, but recently a diode laser has also been employed in W-Coil AAS, resulting in LDRs of three to four orders of magnitude. 12 Most often, a photomultiplier tube (PMT) is used as a detector. A charge coupled device (CCD) detector has also been employed to achieve compactness, simultaneous multi-element capability, and near-line background correction. A portable W-Coil AAS spectrometer with these characteristics has been built and applied to the determination of Pb and Cd. 13, 14 The whole system was powered by a car battery, and its size was 19 × 8 × 3 in, 3 excluding the computer.
Simultaneous multielement measurement has been achieved by the use of a multielement HCL or a unique optical arrangement of up to four HCLs. 15, 16 To date, W-Coil AAS has been successfully used for the determination of over 20 trace elements in a wide spectrum of samples, for instance, Pb in blood, water, urine, and Cd in biological samples and fertilizers. Interested readers are referred to the authors' recent review articles for further details. 10, 11 Laser excited atomic fluorescence spectrometry (LEAFS) is a powerful analytical method that combines exceptionally high sensitivity and selectivity. The use of high intensity laser excitation as opposed to conventional source excitation provides a critical analytical advantage.
Under optical saturation 175 ANALYTICAL SCIENCES JANUARY 2001, VOL. 17 2001 © The Japan Society for Analytical Chemistry conditions, the LEAFS method is insensitive to environmental factors that quench or alter the fluoresce signal and negatively affect non laser-based fluorescence methods. When LEAFS is combined with electrothermal atomization in graphite cups or tube furnaces, the technique has been shown to provide exceptionally good analytical performance at the ultratrace level. The LODs for ETA-LEAFS are typically 100 -1000 times lower than those of ETAAS, and compare favorably with those obtained by ICP-MS. Absolute mass LODs are in the fg and even sub-fg range for many elements, including Cd, Hg, Pb, As, Se and As. Due to the high sensitivity and selectivity of ETA-LEAFS, it is possible to directly determine trace elements in real samples at the low pg g -1 to ng g -1 level. The principles, instrumentation, and applications of ETA-LEAFS have been carefully reviewed in several articles. [17] [18] [19] [20] In LEAFS, various atomizers, especially graphite furnace atomizers, have been employed, but W-Coil atomizers have not yet been utilized. There are no intrinsic reasons that the W-Coil device cannot be used as an atomizer for ETA-LEAFS. The use of W-Coil in ETA-LEAFS is expected to reduce the size and cost of the bulky and expensive graphite furnace ETA-LEAFS system. With the advent of portable and widely tunable optical parametric oscillator (OPO) based lasers, it seems very promising to realize compact and affordable W-Coil LEAFS instrumentation.
ICP-AES is one of the most popular analytical techniques for the determination of trace elements. 21 Solution sampling, most frequently with a nebulizer, is usually used in ICP-AES. For solid sampling, ETV, direct sample insertion, and laser ablation have been used, among which the graphite furnace ETV device is the most frequently employed. 21 The major advantage of ETV as a means of sample introduction is that the sample transportation efficiency is dramatically improved over a pneumatic nebulizer, from less than 5% to over 60%. The LODs for most elements are, therefore, improved greatly, often reaching levels comparable to those by ETAAS, in the pg level for most elements. 22 However, carbide formation could be a problem for refractory elements when graphite materials are used as ETV devices.
In order to eliminate the carbide formation problem, metal filaments, especially W-Coils, have been utilized as ETV devices in ICP-AES. Additional advantages of these metal filament ETV devices include low price, compact, simple power supply, and low electric energy consumption. In W-Coil ETV-ICP-AES, typically, a 20-µL volume of sample solution is applied to the coil and dried at a low current to remove the sample solvent. A higher current is followed to vaporize the sample, and the sample vapor is swept into the ICP by Ar flow. For solid samples, slurry sampling can be used. 12, 23, 24 This is of great interest particularly for the analysis of materials that are difficult to decompose. As an ETV device, W-Coil is a good alternative to the graphite furnace. For example, carbide forming rare earth elements (REEs) were determined by W-Coil ETV-ICP-AES with improved LODs compared to nebulization ICP-AES. 25 Moreover, complete atomization of the sample is not necessary because further atomization, ionization and excitation occur in the ICP. This is a significant advantage over W-Coil AAS.
In this paper, we present some original results to highlight the applications of the W-Coil as an atomizer for ETAAS and ETA-LEAFS, and as an ETV device for ICP-AES. In W-Coil AAS, the LDR for Cd was extended up to 80 ng ml -1 , by using a smaller beam size (2 mm in diameter), from the previous 30 ng ml -1 ; and the LOD was improved to 10 pg from 60 pg in a previous study with a portable W-Coil AAS. 14 In W-Coil LEAFS, preliminary LODs for As, Se, Pb, Cr and Sb were achieved at 950, 320, 160, 1400 and 330 fg, respectively. These are generally better than those of graphite furnace ETAAS and ICP-AES, and are expected to be comparable with those by graphite furnace ETA-LEAFS after carefully optimizing the instrumental parameters and other influencing factors. In WCoil ETV-ICP-AES, the thermal separation of interference elements in the vaporization step was achieved. Thus, it is possible to use a low resolution, miniature CCD spectrometer in ICP-AES for multielement measurement of complex samples. bulb (OSRAM, BRJ, 15 V, 150 W). The glass envelope was carefully broken away leaving the glass base intact. The WCoil was then mounted in a laboratory-designed holder, which was constructed of aluminium cylinder and a commercially available socket (Part No. ORX-6350, Gray Supply Company, Chicago, IL). The socket, purge gas tubing, and feed wires were cemented together inside the cylinder with a ceramic epoxy for air-tightness. The aluminium cylinder was connected to an aluminium rod, which was mounted to the optical rail of the instrument. The enclosure of the coil was a laboratorydesigned glass T-cell (Ace Glass Part No. 7488-383), both ends of which were sealed with quartz windows. The purge gas 10% H2/Ar (1 L/min) was employed to provide a reducing atmosphere for the atomization of analyte elements and for the protection of the coil from oxidation. The power supply for the coil was a Payne Engineering Solid State power supply (Model 150928). Using a QBasic program, 0 -5 DCV was sent to the power supply from an internal Computer Boards D/A CIO-DAC02 card so that the power supply would output a range of 0 -15 A, 120 ACV to the filament. While lower temperatures can be measured by thermometers, higher temperatures can be approximately calculated by using a previously established equation. 5 T = 309I + 325 (I = 4.5 -8 A)
Here, T is temperature in Kelvin, and I is coil current in Ampere.
For ETV-ICP-AES, a modified W-Coil device was used, as shown Fig. 1(b) . The major differences included a smaller enclosure (Ace Glass part #5828-24) and no quartz windows. An "outlet port", through which vaporized species were swept into the ICP, was positioned opposite to the coil mount. Tygon tubing (0.4 cm i.d. and 6 cm in length) was used to couple the W-Coil device to the plasma directly. The components used for the instrumentation have been described in detail elsewhere and briefly summarized here. 5, 15, 16, 26, 27 In W-Coil AAS, the Cd HCL was powered by a radio frequency power supply (Leeman Labs, Inc., Hudson, NH). The emission beam from the HCL was cut down to 2 mm in diameter after exiting the lamp by using an iris, and focused onto a point 2 mm above the coil with a fused silica lens of 5 cm focal length; after exiting the glass cell, the radiation was focused, with another lens, into the entrance slit of a CCD-based miniature spectrometer (SP2000, Ocean Optics, Dunedin, FL). The pyrolysis and atomization currents for Cd were 2.8 A and 7.8 A, while the pyrolysis and atomization times were 120 s and 5 s, respectively. The coil current was controlled through a QBasic program. The data were collected and saved in a PC computer using manufacturer's software, followed with data processing with Microsoft Excel. The optimum sampling rate for this system was 50 ms/spectrum. During the atomization step, two consecutive spectra were averaged to give an episode of 100 ms; each temporal profile consisted of 30 episodes, thus giving a total of about 3 s. The resonance line Cd 228.8 nm was used for the measurements. Either peak height absorbance or integrated absorbance of the atomization signal profiles can be used for quantification. Typically, a 20-µL volume of analyte solution was applied to the coil for atomization using a micropipette. Pyrolysis and atomization currents were 3.8 A and 6.6 -6.8 A, respectively, for all elements except As. For As, the pyrolysis current was 2.8 A and the atomization current was the same as for the other elements. The pyrolysis and the atomization times were 60 s and 10 s, respectively, for all elements. Tenmicroliter samples were used throughout the measurements.
Instrumentation
For W-Coil ETV-ICP-AES, the W-Coil device was directly coupled to a commercial ICP-AES instrument (Direct Reading 177 ANALYTICAL SCIENCES JANUARY 2001, VOL. 17 Echelle, DRE, Leeman Labs, Inc., Hudson, NH) through a 6-cm long Tygon tubing. The DRE is a sequential scanning of ICP with a reciprocal linear dispersion of 0.2 nm mm -1 at 600 nm (corresponding to a resolution of 0.02 nm). To examine the applications of a low resolution (a reciprocal linear dispersion of 8.8 nm mm -1 , about 0.5 nm FWHM) miniature CCD spectrometer in ICP-AES with a W-Coil ETV device, the normal optics were moved aside and a 2.5-cm (30 cm focal length) quartz lens was mounted in front of the plasma to focus the radiation to the entrance slit of the Ocean Optics SP2000 CCD-based miniature spectrometer. The RF power for the ICP was 1.1 kW, while the coolant flow was 19 L min -1 . Typically, a 20-µl volume of analyte solution was applied to the coil using a micropipette. Before power was applied to the coil, the sampling port was stopped to prevent sample vapor loss from the sampling port. The ramp heating program for the thermal vaporization was shown in Fig. 5 . A dry step, 2.2 A for 180 s, was used prior to the ramp heating steps shown in the figure.
All standard solutions were prepared from high concentration stock solutions of commercial standards for spectrometric purposes. Trace metal grade nitric acid and DDI water were used for the dilution.
Results and Discussion

W-Coil AAS for the determination of cadmium
Most research on W-Coil AAS in the literature was conducted by replacing a graphite furnace or a flame of a commercial instrument with a W-Coil atomizer, thus failing to fully explore the advantages of W-Coil AAS instrumentation. By combining a miniature CCD spectrometer with a W-Coil device, a compact W-Coil AAS instrument was constructed in this research laboratory. Pb and Cd were previously determined by a portable W-Coil AAS instrument. 13, 14 The goal of the current research was to improve the LOD and LDR for Cd, by using an RF power supply for HCL and controlling the beam size. A 200-µg volume of iridium was pre-coated onto the surface of the coil and served as a permanent chemical modifier, by using the same heating program for the measurement. The optimum pyrolysis current was 2.8 A. The absorbance signal remained stable for atomization current in the range of 7.4 to 8.2 A (corresponding to temperature about 2300 to 2600˚C), and a current of 7.8 A was used for the measurements of Cd. For the measurements of Cd, the use of iridium permanent modifier provided no significant advantages other than the prolonged coil lifetime (easily over 1000 firings). Figure 3 shows a 3-D HCL emission profile during the atomization of 0.4 ng Cd, in the vicinity of 228.8 nm. By using the CCD detector, the near line 226.5 nm could be used for simultaneous near-line background correction if necessary. The elevated part in the profile was due to the coil emission during the atomization, and it was corrected in the construction of the temporal absorbance profile (Fig. 4) . Both peak height and integrated absorbance can be used for quantification. It was found, however, that peak height measurements yield a better instrumental LOD for Cd. The LDR was extended to 60 ng ml -1 , compared with 30 ng ml -1 previously.
14 The use of integrated measurements resulted in a slightly larger LDR, up to 80 ng ml -1 . The extended LDR was the result of using the smaller beam size so that the stray light was reduced.
The LOD was 10 pg for peak height measurements, and 20 pg for peak area measurements. The instrumental LODs were calculated as 3 standard deviations of 16 measurements of a blank solution divided by the slope of the calibration curve. This was a good improvement over the LOD (60 pg) obtained previously. 14 The improved LOD for Cd was still not as good as that of graphite furnace ETAAS, but equivalent to that of an expensive commercial ICP-AES. It should be pointed out that this was obtained with a compact and inexpensive system (about US $3000, excluding the computer). Nevertheless, the LOD at this level would be adequate for the determination of Cd in most environmental and clinical samples.
W-Coil LEAFS for the determination of some toxic elements
In recent years, there has been an increase in the understanding of effects of trace elements in biological, clinical, and environmental samples. These include elements such as As, Se, Cr, Sb and Pb. However, the excitation wavelengths fall in the deep UV region for some of these elements (As, Se, and Sb), so it was difficult to measure them by sensitive LEAFS techniques previously due to the unavailability of tunable laser radiation in this region. With the advent of β-barium borate (BBO) crystals, tunable laser radiation in the deep UV region can be generated at wavelengths down to 205 nm by frequency doubling. Sum frequency generation or stimulated Raman frequency shifting techniques can further extend the UV range down to 187 nm, making the measurements of these elements possible. As, Se and Sb were previously determined by graphite furnace ETA-LEAFS 26 and ICP-LEAFS, 28 and the LODs were 200, 150 and 10 fg for As, Se and Sb by ETA-LEAFS,
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ANALYTICAL SCIENCES JANUARY 2001, VOL. 17 respectively; and 4, 2 and 15 ng ml -1 for As, Se and Sb by ICP-LEAFS, respectively. In this work with W-Coil LEAFS instrumentation, the preliminary LODs were 950, 320 and 330 fg for As, Se and Sb, respectively. These LODs are worse than those by graphite furnace ETA-LEAFS, but within about one order of magnitude. With careful optimization of the experimental parameters, i.e., the optimization of excitation/detection scheme, beam size, saturation energy, purge gas flow rate, pyrolysis/atomization current, and the use of chemical modifiers for the best signal-to-noise ratio, comparable LODs could be possible. The research is under way to further improve the LODs by W-Coil LEAFS and to explore the applications in real sample analysis. The relative LODs (0.095, 0.032 and 0.033 ng ml -1 for As, Se and Sb, respectively), however, were one to two orders of magnitude better than those by ICP-LEAFS. In any case, LODs at this level are adequate for the determination of these elements in a wide spectrum of real samples. Compared to ICP-AES, LEAFS is generally less prone to spectral interference due to both selective wavelength excitation and selective wavelength detection of fluorescence signals; compared to ETAAS, LEAFS is less prone to matrix interference because the sample solution can be diluted to a point where matrix interference is no longer significant due to the high sensitivity of the technique. The main contribution of these studies has been the downsizing and reduction of the cost of the instrumentation made possible by using the W-Coil device. Pb and Cr were also measured by WCoil LEAFS. The instrumental LODs by W-Coil LEAFS in comparison with those by traditional analytical atomic spectrometry (graphite furnace ETAAS and ICP-AES), together with excitation energies and excitation/detection wavelengths, were summarized in Table 1 . The instrumental LOD here is defined as the analyte concentration/amount equivalent to three times of standard deviation of 16 measurements of a blank solution (at the analyte wavelength) divided by the slope of the calibration curve. Generally speaking, these LODs are far better than those obtained by graphite furnace ETAAS and ICP-AES. 29 
Separation of spectral overlaps in W-Coil ETV-ICP-AES
A modular ETV system using a W-Coil device was described in previous work by this research group using a radially viewed ICP. 5 LODs in the ng ml -1 or sub-ng ml -1 level were obtained for 10 elements (Ag, Ba, Be, Cd, Cu, Fe, Mn, Pb, Sr, and Zn) by use of a low resolution, miniature CCD spectrometer. In the experiment presented here, the W-Coil was used with an axially-viewed ICP, which has a better sensitivity than the radially-viewed ICP. However, the possibility for spectral interference also increases due to the increased sensitivity and the low resolution CCD spectrometer. The aim here was to minimize the spectral interference by using a temperature ramp in the vaporization step. The main idea is to achieve earlier introduction of volatile elements, such as Cd and Pb, at lower temperatures into the ICP, and later introduction of less volatile elements, such as Al and Ba, so that the spectral interference between volatile elements and less volatile elements can be eliminated. The drawback of using ramp vaporization is that it generally has 10 times higher LODs for most elements, compared to direct vaporization, as listed in Table 2 , in comparison with those by traditional ICP-AES. 30 Figure 5 With the advent of portable, compact, and affordable tunable OPO lasers, W-Coil LEAFS instrumentation will not be a laboratory luxury found only in research institutions, but is expected to be widely available and accessible to a broad range of analysts. The W-Coil ETV device in ICP-AES provides an efficient alternative for solid/liquid sampling, with thermal separation capability. The thermal separation capability makes it possible to use an inexpensive, low resolution, miniature CCD spectrometer in ICP-AES to achieve similar LODs compared to those by traditional ICP-AES.
